Neural stem cells (NSCs) have the potential to integrate seamlessly into the host tissues, and the development of potential stem cells resistant to stress injury is an elusive goal for efficient therapeutic application. Oxidative injury induces cellular and nuclear damages and the balanced regulation of reactive oxygen species is of critical significance for stem cell development, function, and survival. Agmatine, an endogenous primary amine and a novel neuromodulator synthesized from the decarboxylation of l-arginine catalyzed by arginine decarboxylase (ADC), has been reported to possess neuroprotective properties. In the present study, we determined whether the expression of ADC in NSCs can prevent the cells from oxidative injury. Retrovirus expressing human (ADC), (vhADC) was generated using a pLXSN vector. Cortical NSCs were infected with vhADC and subjected to H 2 O 2 injury (200 mM for 15 h). Reverse transcriptase-polymerase chain reaction and immunocytochemical staining revealed that hADC mRNA and protein were highly expressed in the vhADC-infected NSCs (ADC-NSCs). High performance liquid chromatography (HPLC) analysis confirmed high concentration of agmatine in the ADCNSCs, when exposed to H 2 O 2 injury. Lactate dehydrogenase leakage and intracellular reactive oxygen species formation were about 2-fold reduced in ADC-NSCs when compared with control NSCs and NSCs infected with mock vector (P < 0.05). DNA fragmentation, chromatin condensation, and expression of apoptotic proteins such as p53, bax, and caspase-3 cleavage were significantly decreased in ADC-NSCs (P < 0.05), suggesting the prevention of apoptotic cell death following H 2 O 2 injury. Our study demonstrates that overexpression of ADC is an effective novel approach to protect stem cells from oxidative damage.
Introduction

I
n the face of extraordinary advances in the prevention, diagnosis, and treatment of human diseases, techniques have been recently developed for the in vitro culture of stem cells, providing unprecedented opportunities for their application in curing various diseases. The capacity of donor stem cells to home and engraft into the ionizing irradiated or toxindamaged recipient microenvironment depends on intact DNA damage repair systems and antioxidant stress handling mechanisms in the engrafting cells [1] . Recently, researches have been focused in developing transgenic stem cells that can upregulate the antioxidant capacity and survival during transplantation to adapt to intrinsic oxidative stress prevailing in the diseased condition [2] . The engrafted stem cells are exposed to the toxic, oxidative stress-inducing microenvironment of the cytotoxic drug-treated host and the intrinsic capacity of donor cells may be enhanced by increasing their resistance to oxidative stress.
Literature review on oxidative stress suggests that reactive oxygen species (ROS) or oxygen toxicity contributes to the highest risk factor for cardiovascular disease, cancer, and neurodegenerative disease [3] , but mechanisms underlying the interplay between oxidative stress and diseases have not been well addressed. Although oxygen is required for aerobic life, it may be toxic under certain conditions [4] . The major oxygen species responsible for these oxidative stresses are hydrogen peroxide (H 2 O 2 ), the free radical superoxide anion (O 2 À ), and the hydroxyl radical (OH À ) [5] . Among them, H 2 O 2 has been implicated as a cellular toxin [6] and has remarkable membrane permeability [7] , and intracellular H 2 O 2 can induce detrimental effects in cells [8, 9] . Therefore, the inhibition of such free radical-mediated pathology has become a central focus of research efforts targeted to the prevention or amelioration of embryonic neural stem cell (NSC) injury. These unique cells are characterized by their capacity to prolong undifferentiated proliferation in culture with the potential to differentiate [10, 11] . In addition, these cells closely resemble their in vivo counterparts, providing a stable in vitro model of cellular growth and development that can be used for the study of specific cell signaling systems [12, 13] . Many studies have used H 2 O 2 to investigate the mechanisms of cell injury resulting from acute oxidative stress in various cells and tissues [14] .
Approaches toward enhancing NSC protection include transfection of transgenes using viral vectors. Previously, it has been reported that immortalized cell lines of human NSC HB1.F3 (F3), from human embryonic telencephalon using a retroviral vector encoding the myc oncogene [15, 16] , can be genetically engineered to express foreign transgenes, and after transplantation into the brain in animal models of Parkinson's disease, Huntington's disease, and stroke, F3 NSCs survived, differentiated into neurons and astrocytes, and reversed functional deficits [15, [17] [18] [19] [20] . Few researchers suggested that F3.Olig2 human NSC line by transduction of F3 with a retroviral vector encoding Olig2 bHLH transcription factor gene plays a crucial role in the generation of oligodendrocytes and ensuing myelination in the central nervous system (CNS) and is also a key factor for generation of spinal motor neurons [21, 22] . Targeting retroviral delivery to quiescent interleukin-2-dependent cells has been also reported [23] . A3 retroviral vector expressing antiproliferative dominant negative mutant cyclin G1 (dnG1) was successfully used for the prevention of eximer laser-induced corneal haze [24] .
Agmatine is mainly synthesized in glia cells following decarboxylation of l-arginine by arginine decarboxylase (ADC) and preponderantly localized in neurons [25] . Agmatine is an endogenous primary amine that has been proposed as a neurotransmitter or neuromodulator in the brain [26] [27] [28] . In the past decade, many studies have revealed that agmatine blocks N-methyl-D-aspartic acid (NMDA) receptor channels and inhibits all isoforms of nitric oxide synthase [29] . These characteristics of agmatine may contribute to its functional role in the CNS. In fact, agmatine has been reported to exert neuroprotective action by reducing the size of ischemic infarctions or preventing the loss of cerebellar neurons after focal or global ischemia in vivo [30, 31] and against neuronal damage caused by glucocorticoids and glutamate toxicity in in vitro primary neuronal cultures of hippocampus and cell lines [32] [33] [34] . Agmatine and ADC have been recognized since the 19th century as products of lower life forms, and subsequently, they were detected in rat brain, bovine brain, and many other organs and cell types [35] [36] [37] [38] [39] [40] . Our earlier investigations showed that agmatine treatment reduced retinal ganglion cell injury due to tumor necrosis factor (TNF)-a-induced apoptosis [41] and hypoxia-induced apoptosis by downregulating caspase-3 and activating the c-Jun N-terminal kinases (JNK) and nuclear factor kappa-light chain enhancer of activated B-cells (NF-kB) [42] pathways and rescued primary-cultured astrocytes from ischemic neuronal injuries through nuclear translocation of NFkB [43] . Based on the available literature, it is evident that agmatine as such is reactive exogenously and the availability of agmatine in the cell helps protection.
Till now there are no reports stating the ADC gene functions that synthesize agmatine in vitro. Considering the novelty of the ADC gene function both in vitro and in vivo, an attempt has been made to construct an efficient retrovirus delivery vehicle containing human ADC gene (vhADC) and to evaluate the protective effect of endogenous agmatine synthesized by vhADC gene delivery in mouse cortical NSCs against H 2 O 2 injury (200 mM).
Our findings provide compelling evidence that induced expression of hADC transgenes increases the baseline antioxidant capacity, leading to stem cell protection.
Materials and Methods
Experimental animals
Pregnant imprinting control region (ICR) (E14) mouse were obtained from Coatech in Seoul, South Korea, and housed under constant conditions of light, temperature, and humidity. All animal procedures were carried out according to a protocol approved by the Yonsei University Animal Care and Use Committee in accordance with NIH guidelines.
Cortical NSC culture
Embryos (E14) were extracted from placental tissue. The cortices were aseptically dissected out from the brains of fetuses and placed in Hank's balanced salt solution (Gibco). The tissues were triturated by repeated passage through a fire-polished constricted Pasteur pipette. The dispersed tissues were allowed to settle for 3 min. The supernatant was transferred to a fresh tube and centrifuged at 1,000 g for 5 min. The pellet was resuspended in an NSC basal medium with proliferation supplement (Stem Cell Technologies) and 20 ng=mL epidermal growth factor and fibroblast growth factor (Invitrogen). Trypan blue-excluding cells were counted. Then, the cells were plated in a T75 flask at a density of 2.5-3Â10 6 cells=mL. Cultures were maintained in a humidified atmosphere of 95% air and 5% CO 2 at 378C. Culture media were replaced totally every 3 days. NSCs of 2-week culture were used for the experiment.
Construction of recombinant retrovirus containing hADC gene
Retroviral delivery system is a unique technique to efficiently introduce stable, heritable genetic material into the genome of any dividing cell type [44, 45] .
The full-length hADC cDNA (GenBank accession number: AY325129) was amplified by polymerase chain reaction (PCR) and was ligated to a recombinant retroviral expression vector pLXSN (K1060; Clontech). They were then amplified in E.coli DH5a and were identified by restriction analysis. The hADC-expressing pLXSN plasmids and empty pLXSN plasmids containing neomycin resistance genes were transfected into the retroviral packaging cell line PT67 using Lipofectamine 2000 (Sigma). The optimal concentration for hADC and pLXSN resistant clone's selection was carried out by adding G418 (200 mg=mL; Sigma) to the culture medium (Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum) and the cell cultures were maintained in a humidified atmosphere of 95% air and 5% CO 2 at 378C for 1 week. Virus-containing medium was filtered through a 0.45-mm polysulfonic filter. The supernatants containing the hADC genes and the empty retrovirus pLXSN were infected to NIH 3T3 cell line using polybrene reagent (4 mg=mL; Sigma) to determine viral titers [43] . The clones with the highest titer were selected and stored at À708C until use.
Experimental design
Cortical NSCs after 1-week culture were infected with empty retrovirus (vLXSN) and the vhADC genes. After 24 h of incubation with vLXSN and vhADC supernatants, the medium was replaced by NSC culture medium and were maintained for another week. The NSCs infected with vhADC (ADC-NSCs), NSCs infected with vLXSN (LXSNNSCs), and retrovirus-noninfected normal NSCs were used for the experiments. A 30% solution of H 2 O 2 (Sigma) was diluted with distilled water and added to the culture media to achieve a final concentration of 200 mM. Injury was assessed at 15 h after adding H 2 O 2 . The dose of 200 mM was adopted based on the measurements of lactate dehydrogenase (LDH) release (*60%) and DNA fragmentation in the control NSC group exposed to H 2 O 2 .
Immunocytochemical detection of hADC
The expression of hADC protein in all the experimental groups was confirmed by immunocytochemistry. Samples were washed 3 times with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde for 3 h, and then washed with PBS. NSCs were permeabilized with 0.025% Triton X-100 and were blocked for 1 h at room temperature with dilution buffer (Invitrogen). Primary antibody rabbit antihADC (1:200; Atgen) prepared in the dilution buffer was added to the samples and incubated for 3 h at room temperature. Primary antibody was removed and NSCs were washed 3 times for 3 min each with PBS. Later samples were incubated with appropriate secondary antibody prepared in dilution buffer conjugated to peroxidase (1:500; Abcam) for 2 h at room temperature. NSCs were washed again 3 times for 3 min each with PBS and stained with 3,3 0 -diaminobenzidine (Cap-PlusÔ Kit; Invitrogen) for 5 min at room temperature. Samples were washed again with PBS thrice 5 min each and were visualized using an Olympus D-70 upright Light microscope. Staining with 3,3 0 -diamino benzidine (DAB) results in the deposition of a brown insoluble precipitate at the antigenic sites containing the specific epitopes recognized by the primary antibody.
Reverse transcriptase-PCR
To confirm the expression of hADC gene expression in H 2 O 2 noninjured and injured ADC-NSCs, LXSN-NSCs, and control NSCs, reverse transcriptase (RT)-PCR was performed using hADC-specific primers. Briefly, samples were lysed with trizol reagent (Invitrogen) and the total RNA was extracted according to the manufacturer's protocol (Invitrogen). Synthesis of cDNA from mRNA and the normalization of the samples were carried out by RT-PCR. Amplification of vhADC and 18srRNA was performed at 948C for 1 min, 528C for 1 min, and 728C for 1 min for 33 cycles, with final extension at 728C for 10 min. The sequences of vhADC-specific primers are as follows: sense, 5 0 -GATGGCTGCAGAACA GGAG-3 0 , and antisense, 5 0 -ACAAAGGTGGGAAGGAGA CC-3 0 ; and for 18srRNA, the sequences were as follows: sense, 5 0 -CGGCTACCACATCCAAGGAA-3 0 , and antisense, 5 0 -GCTGGAATTACCGCGGCT-3 0 . The PCR products were electrophoresed in 1.5% agarose gel stained with ethidium bromide.
High performance liquid chromatography analysis
The agmatine concentration in ADC-NSCs, LXSN-NSCs, and control NSCs were measured by high performance liquid chromatography (HPLC). l-Arginine content in ADCNSCs, LXSN-NSCs, and control NSCs were also measured.
Briefly, the harvested cells were homogenized in 10% trichloroacetic acid and centrifuged at 12,000 rpm for 10 min. The supernatant collected was used for HPLC analysis. Samples were derivatized with o-pthaladehyde and loaded onto HPLC column (5 mm) connected with a fluorescence detector (Schimadzu). The recovery of agmatine was calculated from an added external standard.
Measurement of LDH activity
The release of LDH is a widely used index of cellular injury [46] . The amount of total LDH released from 100% cell death named ''full kill'' was determined at the end of the experiment by freezing the NSCs at À708C and rapid thawing. The extent of cell death was expressed as percentage of full kill. LDH% was calculated against the percentage of full kill.
DNA fragmentation assay
After H 2 O 2 injury, the cells (ADC-NSCs, LXSN-NSCs, and control NSCs) were suspended in lysis buffer [10 mM=L TrisHCl (pH 7.5), 10 mM=L EDTA (pH 8.0), 0.5% Triton X-100]. The cell lysates were processed for DNA isolation using the DNA extraction kit according to the manufacturer's instructions (GeneAll). Briefly, the samples were treated with 200 mg=mL proteinase K solution and incubated at 648C for 20 min, followed by DNA extraction using phenolchloroform. The extracted DNA was precipitated using isopropyl alcohol and then digested with 10 mg=mL TE-RNase buffer at 378C for 1 h. After digestion, equal quantities of DNA product was electrophoresed on a 1% agarose gel stained with ethidium bromide and photographed under ultraviolet light.
Hoechst-propidium iodide staining
Cell viability was evaluated by staining NSCs with Hoechst 33258 dye (Sigma) and propidium iodide (PI; Sigma) in H 2 O 2 -noninjured=injured ADC-NSCs, LXSN-NSCs, and control NSCs. Hoechst dye was added to the culture medium (2-3 mg=mL) and then the samples were kept at 378C for 30 min. PI solution was then added (2-5 mg=mL) just before observing with an Olympus microscope equipped with epifluorescence and a UV filter block. Hoechst-positive, PI-positive and Hoechst-positive, PI-negative cells were counted as dead and live cells, respectively.
Acridine orange staining
LXSN-NSCs, ADC-NSCs, and control NSCs with=without H 2 O 2 injury were washed with PBS and centrifuged at 200 g for 5 min [47] . The obtained pellets were resuspended in 1 mL PBS. The sample suspensions were transferred to 9 mL of 1% paraformaldehyde in PBS and then incubated for 15 min on ice. After incubation, the samples were centrifuged at 200 g for 5 min and the pellets were suspended in 1 mL PBS separately. Later, they were transferred to 9 mL of 70% (vol=vol) ethanol and incubated for 4 h at 48C. The samples were again centrifuged at 200 g for 5 min and the pellet was resuspended in 1 mL PBS. RNA was removed by preincubating with RNAase solution (200 mg=mL) at 378C for 30 min and DNA was denatured in situ by exposing to hydrochloric acid before acridine orange staining (6 mg=mL). Stained NSCs were observed under laser confocal scanning microscope with an appropriate filter set (LCSM510; Carl Zeiss).
Determination of intercellular ROS
The levels of cytosolic ROS were determined following the method described by Dugan et al. using 2 0 ,7 0 -dichloro fluorescein diacetate (DCFH-DA) (Sigma), a peroxidesensitive fluorescence probe [48] . DCFH-DA is a nonfluorescent compound that can permeate cells freely. When inside the cells, it is hydrolyzed to DCFH and trapped inside the cells. Upon oxidation by the cytosolic ROS (namely hydrogen peroxide and other peroxides), DCFH is converted to the fluorescent compound 2 0 ,7 0 -dichlorofluorescein (DCF). Oxidation of DCFH-DA is relatively specific for the detection of cytosolic ROS. NSCs (ADC-NSCs, LXSN-NSCs, and control NSCs) nontreated=treated with H 2 O 2 (200 mm for 15 h) were washed twice with PBS and loaded with 10 mm DCFH-DA and incubated at 378C for 60 min. After being washed twice, NSCs were observed under laser confocal scanning microscope (LCSM510; Carl Zeiss) with excitation set at 488 nm and emission at 520 nm. The amount of total fluorescence (pixels) was measured using Metamorpho Program (Universal Imaging Co.)
Western blot analysis
Equal amounts of proteins (50 mg) were extracted from ADC-NSCs, LXSN-NSCs, and control NSCs. They were subjected to electrophoresis on 10%-12% SDS-polyacrylamide gels. Separated proteins were then electrotransfered onto Immunobilion-NC membrane (Millipore). The membranes were blocked for 1 h at room temperature with 5% skim milk in tris buffered saline (TBS) and 0.1% Tween-20. The membranes were incubated overnight with primary antibody rat anti-p53 (1:500; Abcam), rabbit antibax (1:200; Abcam), and rat anticaspase-3 (1:200; Imgenex). After washing 3 times with tris buffered saline with Tween-20 (TBS-T) for every 5 min, blots were incubated with peroxidase-conjugated anti-mouse and rabbit secondary antibodies for 1 h at room temperature. Finally, blots were rinsed and proteins were visualized using an enhanced chemiluminescent (Thermo Scientific) protein detection kit according to the manufacturer's instructions. The expression of p53, bax, procapase-3, and active casapase-3 was measured by Scion NIH Image Analysis Software (Image J) version 3.5.
Statistical analysis
All data are reported as means AE SD. Statistical analysis of the data was made by 1-way ANOVA using SPSS Statistical Package version 12.0. P < 0.05 was accepted as statistically significant difference. The in vitro experiments are always represented as a mean of at least 3 different sets and significant differences were calculated at 95% confidence interval.
Results
Construction, integration, and expression of vhADC genes in cortical NSCs
The full-length hADC cDNA was amplified by PCR and recombined in pLXSN retroviral vector by cloning reaction (Fig. 1A) . The pLXSN-hADC expression plasmids (1.4 kbp) transfected into the retroviral packaging cell line PT67 was detected for retrovirus carrying hADC gene (vhADC) expression by PCR reaction (Fig. 1B) 
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human ADC genes (vhADC; 1Â10 5 cfu=mL) were used to infect NSCs. mRNA expression of hADC genes was detected by RT-PCR before=after H 2 O 2 injury. A specific amplification band for hADC genes was detected in vhADC-infected NSCs (ADC-NSCs), but no band was detected in control NSCs and vLXSN-infected NSCs (LXSN-ADCs) at no-injury and after H 2 O 2 injury (Fig. 1C) . Immunocytochemical staining results revealed high expression of hADC protein in ADC-NSCs. However, less hADC protein expression was noticed in control NSCs and LXSN-NSCs (Fig. 1D) .
Determination of endogenous agmatine concentration using HPLC analysis
To investigate the potential relationship between hADC gene delivery and endogenous agmatine levels in the vhADCnoninfected=infected NSCs, HPLC analysis was performed. Results showed that the endogenous agmatine levels were much higher in ADC-NSCs compared with control NSCs and LXSN-NSCs ( Fig. 2A) . H 2 O 2 injury resulted in triggering the higher level of endogenous agmatine in ADC-NSCs compared with H 2 O 2 -injured hADC-noninfected control NSCs and LXSN-NSCs (Fig. 2B) . Moreover, the increase was recorded to be 50.2% higher compared with H 2 O 2 -noninjured ADC-NSCs (Fig. 2C) . Increased agmatine concentration in ADC-NSCs was mediated with increase in the l-arginine levels (Supplementary Fig. S1 LXSN-NSCs. The ADC-NSCs were significantly prevented from cytotoxicity of H 2 O 2 (Fig. 3A) .
Hoechst=PI staininig. Apoptotic cells were distinguished from viable cells by the Hoechst=PI technique. Hoechst=PI staining showed a great proportion of PI-positive cells (red) representing dead cells in control NSCs and LXSN-NSCs during H 2 O 2 insult. However, ADC-NSCs were significantly prevented from cell death, which was evident by a decrease in PI-positive cells (Fig. 3B) .
Apoptotic DNA fragmentation. The NSCs subjected to H 2 O 2 injury were examined for DNA strand breaks by fragmentation assay. Results showed that H 2 O 2 injury increased the level of DNA fragmentation in control NSCs and LXSN-NSCs. However, the H 2 O 2 -induced DNA strand breaks were prevented in ADC-NSCs, which was evidenced by less=no DNA fragmentation (Fig. 4A) .
Acridine orange staining. Chromatin condensation is an early event of apoptosis and the condensed chromatin is much more sensitive to DNA denaturation than normal chromatin.
Visual inspection of NSCs stained with the DNA-intercalating fluorescent dye, acridine orange, by confocal microscopy at 15 h after exposure to H 2 O 2 displayed morphological features of condensed chromatin characteristic of apoptotic cell death in control NSCs and LXSN-NSCs, suggesting that H 2 O 2 induces apoptotic cell death. In ADC-NSCs, H 2 O 2 injury did not significantly alter the nuclear morphology compared with control NSCs and LXSN-NSCs (Fig. 4B) .
Reduction of intracellular ROS formation by hADC gene delivery. To investigate the effect of hADC gene delivery on ROS formation against oxidative stress injury, DCFH-DA assay was performed. Endogenous ROS could be detected using redox-sensitive fluorescence probe DCFH-DA. Exposing NSCs to H 2 O 2 caused an increase in the cytosolic ROS level as confirmed by the increase in the total DCF fluorescence (pixels) measured using MetaMorph software in the control NSCs and LXSN-NSCs. Similarly, DCF fluorescence was found to be suppressed significantly (P < 0.05) in ADCNSCs, depicting that vhADC induced endogenous agmatine 
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production and thus prevented the accumulation of cytosolic ROS (Fig. 5A, B) .
Induction of apoptotic proteins (p53, bax, procaspase-3, and active caspase-3) following H 2 O 2 injury. To assess the involvement of apoptotic proteins in H 2 O 2 -induced cell injury, western blot analysis was performed. H 2 O 2 injury increased p53, bax, and active caspase-3 and decreased procaspase-3 expression in control NSCs and LXSN-NSCs. In ADCNSCs, the expression of apoptotic proteins p53, bax, and active caspase-3 significantly decreased (P < 0.05) and that of procaspase-3 (P < 0.05) increased compared with LXSN-NSCs and control NSCs, suggesting the role of agmatine in preventing apoptotic cell death during H 2 O 2 injury (Fig. 6A, B) .
Discussion
Of late, one of the most attractive candidates for cell-based therapeutic strategies has been NSCs. NSCs can be genetically transduced both in vitro and in vivo [49, 50] and there is increasing evidence that the intrinsically limited competitive repopulation capacity of donor cells may be enhanced by increasing their resistance to oxidative stress [51] and approaches toward enhancing NSCs represent an attractive strategy for NSC transplantation. Antioxidant approaches toward enhancing NSC protection includes transfection of the transgenes for manganese superoxide dismutase (MnSOD), catalase, glutathione, peroxidase, metallothione, and others [52, 53] . Transient overexpression of antioxidant genes in hematopoietic progenitor cells confers protection against ionizing irradiation, TNF-a, and growth factor deprivation. MnSOD transgene overexpression in bone marrow and esophageal stem cell subsets has been achieved using plasmid liposome transfection, which has been shown to confer protection from radiation [53] . The role of oxidative stress in promoting various diseases causing oxidative damage provides different rationales for therapeutic strategies against diseases. One approach is to increase ROS scavenging capacity, thereby abrogating ROS signaling and suppressing the pathogenesis. The capacity of donor stem cells to home and engraft into the toxin-damaged recipient microenvironment depends on intact DNA damage repair systems and antioxidant stress handling mechanisms in the transplanted region [1, 2] . Consequently, activation of the NSCs against oxidative stress defense is considered as a promising strategy of therapeutic intervention.
As of today, there are more than 1,000 clinical trials conducted or in progress applying gene therapy applications. The majority of these, almost 70%, are based on viral vectors. Viral vectors have generally proved efficient vehicles for gene delivery to target cells=tissue, a critical aspect of achieving therapeutic efficacy. Another important factor has been the establishment of high-level transgene expression [54] . It was reported that retroviral vector expressing antiproliferative dominant negative mutant cyclin G1 (dnG1) was successfully used for the prevention of eximer laserinduced corneal haze [24] . In the ex vivo gene therapy trials to treat the rare immune deficiency disorder X-SCID, patients were treated with autologous hematopoietic stem cells transduced with a recombinant retrovirus expressing the common gamma chain of interleukin receptor [55] .
Agmatine has been shown to exert beneficial effects in various stress models [41] [42] [43] , but so far the protective effects of hADC transgenes and the enzyme that synthesizes agmatine have not been elucidated. This study chose a retroviral vector (pLXSN) as the delivery vehicle for the transgenes human ADC (hADC) by taking advantage of its ability to produce long-term integration of retrovirus containing hADC genes (vhADC) in target cells, thus creating stably transduced cells (Fig. 1A, B) . The present investigation demonstrated that (vhADC) infection of the cortical NSCs showed efficient hADC gene delivery (Fig. 1C, D) and resulted in greater synthesis of endogenous agmatine ( Fig.  2A-C) . Our experimental results showed that the total cell number was increased in NSCs infected with vhADC (ADCNSCs) and there was significant inhibition of LDH leakage, ROS formation, and DNA damage increase, suggesting prevention from cytotoxicity caused by H 2 O 2 injury compared with retrovirus-noninfected control NSCs and retrovirus carrying empty vector-infected NSCs (LXSN-NSCs). Hoechst=PI staining results showed that H 2 O 2 injury resulted in the increase of PI-labeled cells representing dead cells in control NSCs and LXSN-NSCs. But, in ADC-NSCs, less number of PI-stained cells were seen, indicating the prevention of cell death and increase of cell viability. The role of exogenous agmatine in neuroprotection was reported by many researchers [27, 41] and our current findings of induced agmatine due to vhADC corroborate with their results.
Exogenous agmatine plays an important role as a neuroprotective agent in modulating the restraint-induced structural changes in the rat brain [56] . Agmatine protects cultured hippocampal neurons from glucocorticoid-induced neurotoxicity, through a possible blockade of the N-methyld-aspartate receptor channels or through a potential antiapoptotic property [34] . Agmatine pretreatment increased cell viability and also attenuated DNA fragmentation showing neuroprotective effects against oxidative stress induced by hydrogen peroxide and TNF-a in differentiated RGC-5 cells in vitro [57] , thus suggesting a novel therapeutic strategy for rescuing retinal ganglion cells from death caused by oxidative injury. Agmatine also reduced H 2 O 2 levels generated by hyperglycemia and transcription factors such as NF-kB and AP-1 activity in the mesanglial cells that were exposed to high glucose [58] . The present study results suggest that successful hADC gene delivery in NSCs induced endogenous agmatine concentration mediated by l-arginine and thereby prevented apoptotic cell death caused by H 2 O 2 injury compared with control NSCs and LXSN-NSCs, suggesting that cellular agmatine availability rescues NSCs following oxidative insult. RT-PCR results showed higher expression of the hADC genes in vhADC NSCs, proving the successful gene transfer that triggered the endogenous agmatine (Fig. 2 ) levels and supporting the strong reason of agmatine preventing the neuronal changes caused by toxic insult. However, no such pattern was seen in control NSCs and LXSN-NSCs, suggesting their vulnerability to H 2 O 2 injury. This is the first report showing that endogenous agmatine synthesis delivered from vhADC infection can protect cells, NSCs in particular, from oxidative stress injury. 
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Apoptosis is a highly ordered process of cell death. Although there are many potential stimuli that initiate apoptosis, the signals appear to converge on the caspase pathway to execute the final phases of the apoptotic process [42, 58] . The p53 tumor suppressor gene is involved in cell regulation, apoptosis, senescence, and differentiation in several biological systems. The transcriptional activation of p53 results in the expression of a pro-apoptotic protein bax through casapase-3 apoptotic cascade [59] . In the present study, 200 mM of H 2 O 2 induced massive cell apoptosis by strongly activating p53, bax, and caspase-3 (active and procaspase) in control NSCs and LXSN-NSCs. However, apoptotic protein expression was reduced in ADC-NSCs, depicting the antiapoptotic effect of endogenous agmatine. The overall protective effects of hADC gene delivery into the NSCs against H 2 O 2 injury when compared with control NSCs and LXSN NSCs was based on the reduction in the following parameters: distinct cell morphological alteration including cell shrinkage, chromatin condensation leading to apoptotic death, DNA fragmentation, formation of intercellular ROS, and the induced expression of apoptotic proteins (p53, bax, and caspase-3) detected by immunoblotting. Overall, this study demonstrates that NSCs infected with vhADC synthesized agmatine mediated by l-arginine. The protective mechanism for the action of agmatine in these conditions may be related to its ability to regulate the apoptotic proteins by enhancing the activation of protective pathways such as JNK and NF-kB activation [41, 42] inside the cell. But, further studies are needed to explain the precise mechanisms by which agmatine blocks apoptosis.
A slight increase in l-arginine content was seen in all the experimental groups including ADC-NSCs with increasing agmatine level (Supplemental Fig. S1 ). But the increase in l-arginine level was not same with that of the agmatine because of its fast rate of degradation into other metabolites including agmatine. These results elucidate that the overall protective effect in ADC-NSCs is by endogenous agmatine synthesis through hADC gene delivery.
LXSN-NSCs also showed a marginal, although not statistically significant, protection against H 2 O 2 injury, which may be because of the presence of promoter=enhancer sequences that results in increase of cell proliferation [60] and also their transient integration into genomic DNA triggering transient activation of antiapoptotic signals [43] . This experiment not only confirmed the contribution of hADC genes to agmatine biosynthesis but also demonstrated that stressinduced changes in neurons were abolished by the availability of endogenous agmatine in the cell. Approaches that include transgene transfer to stem cells through viral vector could offer a potential therapeutic modality to protect stem cells against oxidative agents. The present investigation first determined the hADC gene transfer in NSCs, suggesting the strategy to use transgenes to protect stem cell subsets from damage due to contact with toxic agents.
In summary, the results of this study demonstrated the protective effects of vhADC infection of NSCs against H 2 O 2 injury, which were compiled based on decrease in LDH leakage by free radical scavenging, reduction of chromatin and DNA fragmentation, prevention of apoptotic cell death, and increase of survival efficiency. These data also demonstrate that hADC genes endogenously synthesized agmatine and showed powerful cytoprotective effect against oxidative insult in cortical NSCs. Taken together, the present study provides evidence that overexpression of antioxidant transgenes (hADC) increases the survival efficiency of NSCs against stress insults. This in vitro study could support the use of ADC-NSCs as a therapeutic material in various stroke models in vivo.
We demonstrate for the first time that retrovirus-delivered hADC genes in NSCs improve cell survival, thereby opening up new avenues and more effective therapeutic approaches for improving the microenvironment=niche to which the stem cells home and must reside during transplantation in neurodegenerative and=or neurovascular disease condition. Semiquantitative analysis of protein bands by densitometry after western blotting. Each measurement represents the mean AE SD (n ¼ 3). * Significant difference (P < 0.05) between the groups; # significant difference (P < 0.05) with each group by 1-way ANOVA using SPSS Statistical Package.
